Evolutionary expansion and complexification of the primate cerebral cortex are largely linked to the emergence of the outer subventricular zone (OSVZ), a uniquely structured germinal zone that generates the expanded primate supragranular layers. The primate OSVZ departs from rodent germinal zones in that it includes a higher diversity of precursor types, inter-related in bidirectional non-hierarchical lineages. In addition, primate-specific regulatory mechanisms are operating in primate cortical precursors via the occurrence of novel miRNAs. Here, we propose that the origin and evolutionary importance of the OSVZ is related to genetic changes in multiple regulatory loops and that cell-cycle regulation is a favored target for evolutionary adaptation of the cortex.
Introduction
The primate cerebral cortex has undergone evolutionary expansion and complexification, as observed by an increase in the number of cortical areas (Kaas, 2013) as well as in the density of the cortical network (Markov et al., 2013) and diversity in cortical columns (Rakic, 2008) . Much of this expansion in both volume and surface area, particularly in human, can be attributed to a developmental anatomical innovation, the outer subventricular zone (OSVZ) (reviewed in Lui et al., 2011) . The cellular and anatomical innovations within the OSVZ (but certainly not confined to the OSVZ) that underlie expansion are novel organizational systems of brain development that incorporate strategies capable of scaling a phylogenetically ancestral primate brain to the complexity of the human brain. The origins of the OSVZ are expected to lie deeply rooted in the phylogenic tree before the emergence of primates at a time when the elaboration of an additional germinal zone served as a solution to an environmental challenge or opportunity. The emergence of primates, a monophyletic group, occurred sometime from 65 to 85 mya. Geologically, this was a period of relative warming, high atmospheric CO 2 , and many shallow inland seas. This period known as the Cretaceous is sharply bounded 66 mya by the Cretaceous-Paleogene mass extinction event when the dinosaurs and many other species died out. The survival of primates across the mass extinction was an auspicious moment for the future evolution of their descendants.
Comparisons with rodent brains are a good starting point for understanding the basis of primate cortical complexification. Rodents and the lagomorphs (rabbits) are the closest sister groups to primates within a clade known as Euarchontoglires. The presence of an OSVZ-like structure in carnivores such as ferrets suggests that features of the OSVZ may pre-date primates, and these features were lost in rodents as the ancestral species may have undergone miniaturization. Parallel evolution of OSVZ-like features in carnivores is also possible. Recent quantitative cortical connectivity data reveal fundamental differences in the nature of the cortical networks of primates and rodents (Markov et al., 2013; Oh et al., 2014; Zingg et al., 2014) , which together with important scaling differences in these species (Herculano-Houzel et al., 2007) will have a profound impact on the functional properties of the neocortex. To understand this diversity of structure and function of the neocortex, we need an in-depth account of its developmental origin. The investigation of corticogenesis in modern rodents and primates shows how developmental programs shape the cortex and differences in lifestyle (Kennedy and Dehay, 1993) . Although basic principles of brain development in mammals are relatively conserved, modification of developmental events and their timing can lead to quantitative, but also qualitative, changes (Workman et al., 2013) . More specifically, differential regulation of the cell cycle of cortical precursors impacts the dimensions of the germinal zones, which in turn influence numerous features, including cytoarchitecture, arealization, neocortical expansion, and folding (Dehay and Kennedy, 2007) . The marked differences between primates and rodents in morphology, molecular identity, and behavior of cortical precursors indicate that the regulation of the cell cycle may be a favored target for evolutionary adaptation.
The emergence in primates of a larger cortex ( Figure 1A ) with greater complexity is likely to be accompanied by a concomitant expansion of novel functional components and regulatory systems of gene expression (McLean et al., 2011; Pollard et al., 2006) . In particular, among the non-coding RNAs introduced in primates, microRNAs (miRNAs) represent a powerful means of increasing regulatory control (Kosik, 2010) . Primatespecific differential expression of miRNAs has recently been reported to target cell-cycle genes and distinguish the different primate germinal zones, including the OSVZ (Arcila et al., 2014) . miRNAs are temporally and spatially regulated to modulate the cell cycle throughout bilaterian phylogenesis. Given the intricate relationship between cell cycle and cell fate specification (Dehay and Kennedy, 2007) , primate-specific miRNA regulatory control is likely to play a key role not only in cortical expansion via augmented rates of neuron production, but also in the increased complexity of the cortical functional architecture and the high diversity of its constituent neurons. The complexity of the gene networks associated with neurogenesis in the OSVZ and other germinal zones in the primate do not readily point to a system with a ''master gene'' in control. The evo-devo hypothesis in which a ''toolbox'' with a master gene underlies morphological categories such as eyes or limbs across species (Zuker, 1994) is an unlikely explanation for the OSVZ. Instead, a myriad of genetic changes in multiple regulatory loops both within and outside cell-cycle pathways are predicted to account for the origin and expansion of the OSVZ. How diverse genetic changes collectively contribute to the formation of a discrete anatomical structure, which has a powerful adaptive potential, is a challenging question in corticogenesis.
OSVZ and Cortical Expansion
Major rodent-primate differences in cortical development are reflected in the dimensions, cellular composition, and developmental timing of the germinal zones (GZs) (Figure 1 ) (Kennedy and Dehay, 1993; Workman et al., 2013) . In the rodent, two germinal compartments lining the cerebral ventricle generate the pyramidal neurons as well as a minute fraction of the inhibitory neurons of the cerebral cortex. The bulk of the latter are derived from the ventral telencephalon and reach the cortex by tangential migration (Anderson et al., 1997) . The earliest prominent proliferative compartment is the ventricular zone (VZ) housing apical radial glia progenitors that divide at the luminal surface of the ventricle after undergoing interkinetic migration during the G1 and G2 phase of their cycle. At later stages, non-surface mitoses at the basal surface of the VZ progressively form the subventricular zone (SVZ) where interkinetic migration is absent (Smart, 1973) . The presence of this basal precursor pool is a mammalian-specific feature, absent in sauropsids (birds and reptiles with three layered cortices) (Cheung et al., 2007; Molná r et al., 2006; Rakic, 2009) .
The primate SVZ contains abundant basal proliferative precursors that are further specialized in two cytoarchitectonically distinct sub-layers: a thin inner SVZ (ISVZ) and an outer SVZ (OSVZ) (Figure 1C) , the latter constituting, by far, the largest germinal compartment (Fietz et al., 2010; Hansen et al., 2010; Lukaszewicz et al., 2005; Smart et al., 2002; Zecevic et al., 2005) . By definition the primate OSVZ is bounded by two fiber layers: the ISVZ and OSVZ are separated by a thin layer, rich in axonal fibers known as the inner fiber layer (IFL), and the OSVZ is limited externally by an outer fiber layer (OFL) (Dehay and Kennedy, 2007; Smart et al., 2002) . The OSVZ exhibits a number of distinctive features that set it apart from the loosely organized SVZ of rodents and primates. Contrary to what has been observed in the rodent, where the VZ is the major proliferative (E and F) The tempo of cell-cycle duration (TC) differs strikingly between primate (E) and mouse (F), in connection with the emergence of primate-specific miRNAs targeting cell-cycle progression. Abbreviations: bRG, basal radial glia; apical-P, apical process bearing bRG; both P, apical and basal processes bearing bRG; tbRG, transient process bearing bRG; RG, radial glia; IP, intermediate progenitor; AP, apical progenitor.
compartment throughout corticogenesis, the macaque and human VZ rapidly decline during the course of corticogenesis, paralleled by the rapid expansion of the OSVZ (Fietz et al., 2010; Hansen et al., 2010; Lui et al., 2011; Smart et al., 2002) . One major characteristic of the large basal precursor (BP) pool of the primate is the maintenance of radial glial morphological features in a large fraction of precursors (Betizeau et al., 2013; Fietz et al., 2010; Hansen et al., 2010; Levitt et al., 1981; Lukaszewicz et al., 2005) . By contrast, the lissencephalic mouse cortex has few (<0.5%) basal radial glia cells (bRGs) (Shitamukai et al., 2011; Wang et al., 2011) and does not exhibit an OSVZ. Claims of rudimentary OSVZ features in rats (Martínez-Cerdeñ o et al., 2012) and capybara (García-Moreno et al., 2012) have been made. In carnivores, the developing cortex of the ferretcharacterized by a moderate level of gyrencephaly-exhibits an OSVZ-like layer containing bRGs (Fietz et al., 2010; Reillo et al., 2011) . However, so far only the primate cortex exhibits a pronounced OSVZ, as defined by conspicuous cytoarchitectonic features, high proportions of bRGs, and, importantly, bounded by an IFL and an OFL.
It has been suggested that the magnitude of OSVZ proliferation correlates with cortical size and degree of gyrification (Kriegstein et al., 2006) . Experimental modification of the relative abundance of bRG cells via targeted genetic manipulations in lissencephalic and gyrencephalic animal models leads to pronounced effects on cortical folding and surface area (Nonaka- Kinoshita et al., 2013; Stahl et al., 2013; Tuoc et al., 2013) . However, the marmoset, a lissencephalic primate, also exhibits a large OSVZ, suggesting that this species is derived from a gyrencephalic ancestor (García-Moreno et al., 2012; Kelava et al., 2012) . Hence, an enlarged OSVZ containing bRG cells could constitute an evolutionary trend necessary, but not sufficient, for building a large gyrencephalic brain (García-Moreno et al., 2012; LaMonica et al., 2012) .
The pronounced pseudostratification, radial glia-like morphology of the primate OSVZ precursors (only 15% are non-polarized cells) gives rise to the distinctive cytoarchitecture reminiscent of the VZ neuroepithelium. The pseudostratification of the VZ and the interkinetic migration of its precursors restrict mitosis to the ventricular lumen. Basal mitoses alleviate congestion of VZ precursors and effectively remove the ventricular choke, thereby paving the way for increased neuron output (Smart, 1972a (Smart, , 1972b . By providing an additional pool of densely packed precursors, the OSVZ frees corticogenesis from the mechanical constraint of interkinetic migration, thereby allowing mitosis to occur at multiple levels within the neuroepithelium. The maintenance of the radial organization of OSVZ precursors ensures a scaffolding function previously attributed to radial glia (Rakic, 2003) . This feature accommodates the waves of neuron migration and ensures the topographic relationships between the germinal zones and the cortical plate as postulated by the radial unit hypothesis (Rakic, 1988) . In this way, the emergence of an enlarged BP pool housing radially orientated cells provides the infrastructure needed to build large cortices principally via contributions to the supragranular layers (Betizeau et al., 2013; Fietz et al., 2010; Hansen et al., 2010; Lukaszewicz et al., 2005; Smart et al., 2002) .
Diversity of Basal Precursor Types
The enlarged primate neocortex contains a significantly greater number of neurons than that found in brains of equivalent size in other orders (rodents, cetaceans, ungulates) (Herculano-Houzel, 2012). Rates of neuron production are determined by the proliferative behavior of precursors. Significant interspecies variations in precursor types and proliferative behavior have been reported between primates, ferrets, and rodents (Betizeau et al., 2013; Florio and Huttner, 2014; Reillo et al., 2011) , which provide insights into the mechanisms that underlie BP expansion. One major difference between primates and non-primates is the expression of GFAP; whereas GFAP is only expressed in RG during late stages of corticogenesis corresponding to astrogenesis (carnivores) or in astrocytes (mouse) (Borrell and Reillo, 2012; Choi and Lapham, 1978; Voigt, 1989) , in primates GFAP is expressed in RG from the VZ as well as bRGs (Levitt and Rakic, 1980) .
Combinatorial transcription factor expression appears to be a facet of BP diversity. In mouse, two main categories of cortical progenitors are defined based on the expression of Pax6 and Tbr2: Pax6+/Tbr2À (VZ and bRG), Pax6À/Tbr2+ (SVZ IPCs) (Wang et al., 2011) . In contrast, ferret and primate cortical OSVZ precursors express Pax6, Tbr2, Sox2, Ascl1, and Olig2 in a non-mutually exclusive manner (Fietz et al., 2010; Hansen et al., 2010; Zecevic, 2008, 2009; Reillo et al., 2011) . Single-cell expression analyses of the correlation between morphology, proliferative behavior, and molecular determinants are enhancing our understanding of the combinatorial expression of transcription factors in cortical progenitors .
Primates and rodents exhibit striking differences in their BP pool. In mouse at mid-corticogenesis, 80% of the SVZ progenitors correspond to neurogenic non-polar BPs, and only 10% correspond to bRG proliferative BPs (Martínez-Cerdeñ o et al., 2012; Noctor et al., 2004; Shitamukai et al., 2011; Wang et al., 2011) . These proportions are very different in primate OSVZ, where bRGs are the most abundant BP type by far ($75%) (Betizeau et al., 2013; Lui et al., 2011) . The bRG contribution to neuron output varies between species. For example, in contrast to primates, ferret bRGs produce more astrocytes than neurons (Reillo et al., 2011) . In contrast to rodents, macaque has a high diversity of bRG morphotypes in the OSVZ (Betizeau et al., 2013) (Figures 1A and 1B) , and the well-characterized basal process bearing bRGs (Fietz et al., 2010; Hansen et al., 2010; Reillo et al., 2011) accounts for 10%-15% of the BP pool (Betizeau et al., 2013) . Notably, the basal process bearing bRG phenotype, initially identified in human studies (Fietz et al., 2010; Hansen et al., 2010) , only accounts for 10%-15% of the primate BP pool (Betizeau et al., 2013) . Di-I deposits on the pia of human embryonic cortex allowed back-labeling of cell bodies in the OSVZ, which led the Huttner and Kriegstein groups to describe OSVZ progenitors as bRGs that exhibit a basal process attached to the basal membrane (Fietz et al., 2010; Hansen et al., 2010) . In addition, the Kriegstein group used adenoviral infection (Hansen et al., 2010; LaMonica et al., 2013; Ostrem et al., 2014) to label OSVZ precursors. However, adenoviral infection does not provide an unbiased labeling of precursors since the adenovirus is not internalized in cells lacking integrins (Wickham et al., 1993) . Notably, Fietz et al. (2010) have demonstrated that integrins are expressed on the basal process of bRGs. Therefore, bRGS cells that have a basal process were selectively labeled, and this work captured only a minor fraction of the diversity of OSVZ precursors described in the macaque cortex (Betizeau et al., 2013) . Interestingly, bRGs bearing an apical process can nevertheless be observed in their published long survival slices where labeled bRGs have undergone division (LaMonica et al., 2013) .
In addition, real-time imaging in long-term organotypic slices of embryonic macaque reveal substantial proportions of dynamic apical-bearing process bRGs as well as bipolar bRGs bearing both an apical and a basal process. Each of the different bRG morphotypes, as well as the non-polar BP cells, are able to undergo symmetric proliferative divisions as well as self-renew and give rise directly to a neuron. Imaging studies show that morphological properties constrain proliferative behavior. For instance, the directionality (upward apical or downward basal) of the mitotic somal translocation (Hansen et al., 2010 ) is linked to the presence of an apical or a basal process (Betizeau et al., 2013) . While in the mouse, the inheritance of the basal process is required for conveying proliferative capacity to the daughter cell(s) (Shitamukai et al., 2011) ; OSVZ precursors devoid of basal processes undergo proliferative divisions and/or self-renew. Thus, major differences in proliferative properties are observed when comparing mouse bRGs and primate OSVZ precursors. While >95% of rodent unipolar BPs undergo symmetric neuronal terminal divisions (Huttner and Kosodo, 2005; Kosodo et al., 2008; Wu et al., 2005) , primate unipolar BPs are able to selfrenew for up to five successive divisions (Betizeau et al., 2013) , indicating parallel increases in morphological diversity and proliferative capacity.
Fate analysis of OSVZ lineages identifies the specific contribution of each precursor type to the final neuron output during the generation of infra-and supragranular layers ( Figure 1C ; see also Betizeau et al., 2013, Figure 6E) . In contrast to previous claims (Lui et al., 2011) , the bipolar bRG makes the major contribution to neuron production (Betizeau et al., 2013) , suggesting that they might play a significant role in cortical expansion as suggested earlier . From the diversity of cortical progenitors in primate follows a complexity of lineage relationships. State transition graphs of OSVZ precursors reveal bidirectional transitions between all precursor types, a major distinction from the unidirectional lineages in rodents (Noctor et al., 2004; Shen et al., 2006; Tyler and Haydar, 2013) . The OSVZ generates large numbers of the projection neurons that participate in the interareal network and determine the hierarchical organization of the cortex. From the precursor diversity and apparent lineage stochasticity emerges the interareal organization of the supraand infragranular layers (Kennedy and Dehay, 2012) . Because the laminar constraints of inter-areal connectivity are determined prior to neuroblast migration to the cortical plate (Batardiè re et al., 2002) , this would suggest that the complexity of cortical organization is prefigured within the OSVZ and provides another example of a profound biological property in which stochasticity of the precursor lineages gives rise to a deterministic outcome in terms of cortical architecture.
Precursor diversity in the primate OSVZ is further illustrated by the identification of cortical precursors of GABAergic neurons in the developing human and macaque brain (Fertuzinhos et al., 2009; Letinic et al., 2002; Petanjek et al., 2009; Zecevic et al., 2011) , as well as in vitro evidence that human, but not mouse Nkx2.1 expressing RGCs, have the potential to generate interneurons expressing calretinin (Yu and Zecevic, 2011) . Although the actual proportions of OSVZ generated interneurons-as opposed to subpallium-derived interneurons-is still debated Ma et al., 2013) , reports suggest that the OSVZ is the major production site of calretinin neurons (Hladnik et al., 2014) , which represent the predominant category of interneurons in primates (12%) as opposed to rodents (4%). Thus, the OSVZ may serve as a permissive niche for the proliferation of GABAergic precursors.
The dynamic behavior of the OSVZ basal and apical processes allows sampling of the micro-environment of the primate neuroepithelium stretching from the pia to the VZ, thereby integrating signals from pre-and postmitotic cells (Polleux et al., 2001; Seuntjens et al., 2009 ). Apical processes extend as far as the VZ, where they provide a cellular milieu for transient cellular interactions between bRG and precursor cells from the ISVZ and the VZ Yoon et al., 2008) . Basal processes allow interactions between cycling precursors and postmitotic neurons from the subplate and the cortical plate (Polleux et al., 2001 , Polleux, 2005 Price and Lotto, 1996) . Filopodia are occasionally observed, providing the basis for lateral interactions with cycling or differentiating neighbor cells via Notch-Delta signaling Shitamukai et al., 2011; Yoon et al., 2008) . Hence, the capacity of the primate OSVZ to finely tune precursor dynamics during the prolonged period of cortical neurogenesis could be assured by cell-cell interactions within the OSVZ, including those relayed by thalamic fibers ). The trajectory of embryonic thalamic axons in the visual cortex is strikingly different in primate and rodents, a highly relevant distinction given the mitogenic effects of thalamic axons on cortical precursors ). In the primate, the embryonic thalamic axons come into proximity to OSVZ precursors where they constitute the OFL, bordering the basal part of the OSVZ (Smart et al., 2002) . In the fetal mouse, the growing thalamocortical axons are more dorsally located, at a distance from the SVZ . The IFL, intercalated between the ISVZ and the OSVZ, has been hypothesized to correspond to descending axons (Kawasaki et al., 2013) , and its signals could be relayed to the upper part of the OSVZ via the ascending basal process. The integration of signals from the microenvironment might be of primary importance in the primate, where they are likely to influence stochastic lineages via cell-cycle and/or neurogenic rates, thereby enhancing flexibility in phenotypic fine-tuning during corticogenesis.
One consequence of the integration of the fiber pathways into the OSVZ is that they will exert multiple influences on the fate of dividing cells, including the final round of division (Polleux et al., 2001) . In this way, we can speculate that the OSVZ contributes to the complexification of the primate cortex by providing the cellcell interactions needed to define the exquisite compartmentalization of the primate laminar organization and dense areal microcircuitry that establishes feedback and feedforward pathways in a counterstream configuration, characteristic of this order (Markov et al., 2013) , and not found in the rodent (Berezovskii et al., 2011) .
G1 Constrains OSVZ Cell-Cycle Dynamics
Two cell-cycle parameters drive rates of neuron production: cellcycle duration (Tc) and the mode of cell division. Both parameters are causally related as shown by experimental alteration of G1 phase in mouse VZ precursors with forced expression of cyclin D1 or cyclin E (Pilaz et al., 2009) . Shortening the duration of G1 (TG1) increases rates of proliferative divisions at the expense of differentiation (Pilaz et al., 2009) in agreement with a host of studies reporting correlative links between these two parameters (Calegari and Huttner, 2003; Lange et al., 2009; Lukaszewicz et al., 2002 Lukaszewicz et al., , 2005 . Mathematical modeling of neuron production following TG1 reduction reveals the key role of precursor pool amplification resulting from changes in rates of cell-cycle re-entry, i.e., proliferative divisions (Pilaz et al., 2009) . In this way, orchestration of neuron production is algorithmic where a very basic biological mechanism, namely the G1 phase of the cell cycle, is the primary parameter. This feature raises extensive possibilities regarding control mechanisms in primate corticogenesis (Geschwind and Rakic, 2013) .
OSVZ Tc has been measured in vivo via injection of S phase markers into the embryo (Kornack and Rakic, 1995; Lukaszewicz et al., 2005) and ex vivo via time-lapse video imaging on organotypic slices (Betizeau et al., 2013) . Ex vivo analysis showed that the Tc of OSVZ progenitors is shorter than that of VZ progenitors. OSVZ Tc duration increases between embryonic day 50 (E50) and E65 before decreasing at E78 ( Figure 1E ). Tc reduction is largely due to TG1 decrease, and the concomitant reduced cell-cycle exit leads to the supragranular layer precursor expansion that characterizes primate mid-corticogenesis (Betizeau et al., 2013; Hansen et al., 2010; Smart et al., 2002) . Tc shortening coupled to a decline in cell-cycle exit rates are observed simultaneously in OSVZ and VZ. Notably, during OSVZ expansion, a retraction of the VZ occurs, suggesting that OSVZ expansion benefits from increased seeding by VZ precursors (Betizeau et al., 2013; LaMonica et al., 2013) . These results show that it is the time course of Tc regulation that ultimately determines the dynamics of the primate OSVZ expansion (Betizeau et al., 2013) . Because different types of precursors are generating neurons via diverse lineages, one can hypothesize that the fine regulation of the cell cycle, beyond its impact on the size of the progenitor pools, will also influence distinct transcriptional sequences in precursors that will in turn determine postmitotic transcriptional programs generating neuronal diversity. The regulation of TG1 described above for primate corticogenesis differs from that observed in rodent corticogenesis (Figure 1E) , where there is an overall lengthening of Tc, paralleled by a progressive increase in rates of divisions leading to differentiation (Takahashi et al., 1995) . Progressive lengthening of Tc during rodent corticogenesis is primarily due to increases in G1 phase (Arai et al., 2011; Calegari et al., 2005; Gal et al., 2006) , while neurogenic divisions are characterized by a shorter Tc due to a shortening of S phase (Arai et al., 2011) . This species difference in the tempo of the cell-cycle regulation, and more specifically in G1 and S phases, which results in an upsurge in proliferative activity of primate BPs during late stages of corticogenesis, plays a key role in the expansion of the primate OSVZ, leading to the prediction that the underlying molecular machinery constitutes a favored target during evolution of the cortex.
The G1 phase regulation appears as a strategy in different species to modulate precursor expansion and ultimately neuron number of the adult cortex. Long-term survival following induced TG1 reduction results in cytoarchitectural modifications, including an expanded supragranular compartment (Pilaz et al., 2009 ). Likewise, a transient expansion of BPs subsequent to CyclinD1/Cdk4 overexpression increases the cortical thickness of the late embryonic brain (Lange et al., 2009; Nonaka-Kinoshita et al., 2013) . Knockdown of Trnp1, which regulates proliferation (Volpe et al., 2006) , prolongs BPs in a proliferative mode, thereby inducing a thick SVZ and a radial expansion of the cortex . Further, p27 KIP1 mutants exhibit excess upper-layer neurons as a consequence of selective G1 shortening in the BP pool (Mairet-Coello et al., 2012) . Experimentally shortening TG1 in the mouse by selectively promoting proliferative divisions in the transiently amplified BP pool appears to recapitulate a major characteristic of primate corticogenesis. This ''primatization'' of the mouse GZ translates into an enlarged layer, a hallmark of the adult primate cortex (Figures 1E and 1F) . Primatization leads to the amplification of the BP pool not only in the SVZ, but also in the lower part of the intermediate zone, immediately basal to the SVZ (Pilaz et al., 2009 ). This zone, originally described as the dispersed mitotic compartment (DMC) (Sturrock and Smart, 1980) , corresponds to a sparse pool of precursors, which appears conspicuously during late corticogenesis at E16.5-E17 in the mouse. At E17, the DMC accounts for more than 20% of the total precursor pool, and modeling of cell-cycle parameters predicts that this pool of sparsely packed precursors likely plays a significant role in the production of the supragranular layer neurons (Pilaz et al., 2009 ). These observations raise the intriguing possibility that the rodent DMC parallels the role of the primate OSVZ.
Conversely, G1 lengthening in VZ precursors leads to microcephaly (Tapias et al., 2014) due to histone acetyltransferase (HAT) cofactor transformation/transcription domain-associated protein (Trrap)-mediated histone control over the activation of a subset of cell-cycle genes. Trrap deletion induces cell-cycle lengthening principally via G1 modulation specifically in cortical apical neural progenitors (APs). This causes premature and increased differentiation of APs into basal progenitors and neurons. Consistently, Trrap conditional mutants exhibit microcephalic features. Overexpressing cell-cycle regulators in vivo can rescue these premature differentiation defects. Interestingly, this observation points to mechanisms integrating cell-cycle and epigenetic regulation of gene transcription to control neurogenesis (Tapias et al., 2014) . That HAT-related epigenetic events target cell-cycle genes, while not affecting key genes regulating morphogenesis and patterning of the developing cortex such as Pax6 and Shh, once more underlines the importance of cell-cycle regulation during corticogenesis (Tapias et al., 2014) .
Area 17 of the primate is of considerable interest as a developmental model, given that it has nearly 50% more neurons in the granular and supragranular layers with respect to its neighboring area, area 18, from which it is separated by an exceptionally sharp border (Collins et al., 2010) . In the prenatal monkey it is possible to identify the germinal zones generating areas 17 and 18, thereby providing a unique opportunity to relate, experimentally, events in the germinal zone to arealization. Regional differences in proliferation that prefigure the areal map have been reported in the germinal zones of the embryonic cortex (Dehay et al., 1993; Polleux et al., 1997; Rakic, 1988) . Interestingly, in primate these area-specific differences in cell-cycle kinetics occur selectively in the OSVZ, during upper, but not lower, layer production (Dehay et al., 1993; Lukaszewicz et al., 2005) .
OSVZ a Niche Fostering Proliferation and Stemness
Contrary to early predictions (Fish et al., 2008) , OSVZ progenitors predominantly divide in an asymmetric, neurogenic manner. Although not anchored at the ventricular or basal membranes, BP cells are nevertheless able to undergo numerous rounds of symmetric proliferative divisions (Betizeau et al., 2013) . These finely controlled divisions are remarkable, as loss of polar attachment sites as well as delamination from the epithelium would be expected to lead to uncontrolled proliferation (Gó mez-Ló pez et al., 2014; Lee and Vasioukhin, 2008) . Thus, the OSVZ microenvironment is permissive to both extensive and tightly controlled proliferation. Related to this question, recent transcriptome analysis provides insight into the major differences in proliferative potential between mouse and primate BPs. The OSVZ provides an extra-cellular matrix (ECM) enriched micro-environment in contrast to the mouse SVZ, where ECM constituents are downregulated compared with the VZ (Fietz et al., 2012) . ECM molecules, which are also under the control of primate-specific miRNAs (Arcila et al., 2014) , bind particular growth factors and morphogens, thereby regulating their bioavailability and providing microenvironmental control for local integration of adhesive and growth factor signaling (Brizzi et al., 2012) . These findings suggest that the extensive proliferative abilities of primate BPs might in part be related to their ability to form a local ECM-enriched niche providing quasi-autocrine stimulation of cell-cycle re-entry (Florio and Huttner, 2014) . This suggestion is consistent with the reported role of integrins, the major receptors for ECM constituents in bRG proliferation (Fietz et al., 2010) . Furthermore, activation of integrin avb3 induces mouse BP cycle re-entry (Stenzel et al., 2014) . The OSVZ therefore provides a niche, harboring signals controlling stemness, proliferation, and differentiation (Fietz et al., 2012; Marthiens et al., 2010) , which are likely complemented by signaling from other precursors and/or progeny outside the OSVZ via the basal and apical processes.
A Novel Regulatory Architecture within the Primate Germinal Zones
On par with a larger cortex that exhibits a complexity beyond scaling for size, a concomitant expansion of novel molecular components and regulatory systems has emerged in primates (Pollard et al., 2006) . In general, increasing organismal complexity is associated with an expansion of the non-coding portion of the genome, while the number of coding genes has remained within an order of magnitude (Mattick, 2009) . Among the noncoding RNAs (nc-RNAs), the microRNAs (miRNAs) and the long non-coding RNAs (lncRNAs) have undergone highly dynamic changes during evolution (Kosik, 2009; Marques and Ponting, 2014) and are, therefore, candidates for the molecular innovations that led to the emergence of the OSVZ. Additional drivers of neuronal diversity within the genome are the insertion of transposable elements (Erwin et al., 2014) and the increased number of tRNAs among primates (Schmitz et al., 2004) . The miRNAs tune and buffer gene regulatory networks through feedback and feedforward loops as well as setting cell-specific expression patterns from which distinct cell behaviors follow (Kosik, 2010) . A variety of controls over expression can establish asynchronous timekeepers in cells that allow stochastic access to limited differentiation machinery (Locke et al., 2011) and thereby launch multiple lineages. In contrast to lncRNAs, miRNAs are abundant, and changes in their expression levels are readily detected in association with development (Fineberg et al., 2009) . Recent research has identified the role of key miRNAs in the developing mouse cortex. For instance, miR-92 maintains proper populations of cortical radial glial cells and intermediate progenitor cells through repression of PTEN and Tbr2 proteins, which in turn modulates subsequent neuronal production (Bian et al., 2013; Nowakowski et al., 2013) . Interestingly, miR-92 has been shown to play a key role in maintaining asymmetric self-renewing divisions in the mouse cortex via Tis21 downregulation (Fei et al., 2014) . A feedback network involving cyclin D1, miR-20a/b, and miR-23a has also been shown to control the transition from cortical progenitor to neuron (Ghosh et al., 2014) .
Novel miRNAs are introduced at species divergence points and, once introduced, are highly conserved (Heimberg et al., 2008) . Indeed, numerous miRNAs appear to have been introduced at the primate divergence. A set of miRNAs have been quantified by RNA sequencing (RNA-seq) in laser-dissected germinal zones, including VZ and OSVZ from E80 macaque embryos, but absent in the genomes of rodents (Arcila et al., 2014) . Some of these miRNAs have arisen de novo; others resemble sequences present in carnivores and therefore may have been lost in rodents. Another category of primate miRNAs includes sequences that resemble rodent sequences but have multiple nucleotide mismatches or indels that make them unlikely to function as miRNAs in rodents. These sequences may represent either the evolutionary ''raw material'' from which some primate miRNAs emerged or the remnants of a functional miRNA from a common ancestor that was subsequently lost in rodents. Among the validated mRNA targets of primate-specific miRNAs within the OSVZ are genes that lie at decision nodes, which determine division versus differentiation. For example, miR-1180-3p, a differentially expressed miRNA present in developing primate cortex, but not in rodents, targets kansl1, an evolutionarily conserved regulator of the chromatin modifier KAT8 that functions through histone H4 lysine 16 (H4K16) acetylation. mir-1180-3p also targets dlx1, a homeodomain transcription factor that controls germinal zone neurogenesis. Both dlx1 and dlx2 are direct targets of the trxG member mll1 (Lim et al., 2009) , an evolutionarily conserved histone H3 lysine 4 methyltransferase that resolves silenced bivalent loci in neural precursors for the induction of neurogenesis (Lim et al., 2009) . dlx1 and dlx2 bind to E2Fs to promote G1/S progression (Liu et al., 2007; Takeda et al., 2006) . Interestingly, the dlx control element, mll, is a validated target for another miRNA, mir-1301-3p, present in primates, but not in rodents (Figure 2A ). Both mll1 and mll2 have numerous target sites for this miRNA. Taken together, these novel miRNAs represent additional layers of regulation (Figure 2) . Those miRNAs, which appeared at the primate divergence offer an opportunity to observe the co-evolution of a novel miRNA and its target at single-nucleotide resolution. The coding gene target usually far pre-dates the appearance of the emergent miRNA. Therefore, adaptive nucleotide changes occur within pre-existing mRNA sequences that convert the sequence into an miRNA target sequence capable of base-pairing with the novel miRNA. Because the probability of dual beneficial gene changes is low, the co-evolution of a miRNA-mRNA pair may involve a fitness dip and a sufficient effective population size to support a dip in fitness before the second mutation occurs (Lynch, 2007) . Alternatively, the early success of a miRNA might require a fortuitous sequence in one mRNA that matches the emergent miRNA, and once gaining a foothold, the target field could expand or the number of miRNA response elements (MREs) on a single mRNA might increase. Many of these mRNA-miRNA co-evolutionary events can be observed by OSVZ deep sequencing (Arcila et al., 2014) .
Targeting the cell cycle and differentiation pathways with primate miRNAs appears to be one of the genetic underpinnings driving the expansion and complexification of the cerebral cortex. This observation is consistent with the observations described above in which primate cortical precursors increase their proliferative activity during the late stages of corticogenesis. While many genetic changes implement the features of the primate brain , a very focal targeting of the G1/S check point, which shortens Tc duration and increases proliferative divisions, serves to expand both the SVZ in rodents as well as the OSVZ in primates, resulting in an increased production of supragranular layers (Betizeau et al., 2013; Lukaszewicz et al., 2005; Pilaz et al., 2009) . miRNA targeting of cell cycle not only is an efficient way to modulate neuron production, but also impacts the generation of cell diversity. The G1/S transition lies at a decisive node-to enter a new cycle or to exit. Concomitant with an ''exit'' decision is a cell fate decision, which underscores the crucial relationship between cell-cycle progression and cell fate (Calegari and Huttner, 2003; Roccio et al., 2013) . Moreover, the characterization of dual function molecules (such as p27kip1) has uncovered the functional link between the control of cell-cycle progression and cell commitment (Ohnuma and Harris, 2003) . The differential expression of primate-specific miRNAs enriched in distinct germinal compartments of the primate cortex imposes a finegrained, spatiotemporally tuned layer of regulation over cell-cycle progression, which constitutes a prerequisite for the generation of appropriate cell fates during corticogenesis, including long-range areal connections that are critical to higher cortical function (Buckner and Krienen, 2013) .
Cell-cycle regulation in the primate cortex involves multiple layers of control in which a specific set of miRNAs and targets function within a small gene regulatory network (GRN) that is linked to multiple other GRNs, i.e., other sets of miRNAs and mRNA targets, through feedback and feedforward loops ( Figure 2 ). As the number of regulatory elements increases, so does the precision of the control (Park et al., 2012) , and information from diverse sources can be integrated. These GRNs center upon the proliferation-differentiation decision, often via epigenetic mechanisms such as the resolution of bivalent states as well as directly targeting transcription factors and downstream effectors (Tapias et al., 2014) . Acquiring and maintaining cell identity requires mechanisms that lock the cell into a specific identity without drifting into intermediate states. The mechanisms that handle this problem are well established in control theory principles that utilize positive feedback loops or doublenegative feedback loops to establish bistability. To achieve bistability, cells often set up the feedback loops between transcription factors and miRNAs. For example, miR-145 and Oct4 operate in a double-negative feedback loop to ensure a smooth exit from pluripotency (Xu et al., 2009 ). miRNAs have recently been shown to regulate bidirectional transitions and emergence of alternative cell states in progenitors (Goodfellow et al., 2014) . Besides their key role in controlling cell-cycle regulation and differentiation (Arcila et al., 2014) , newly emerged primate-specific miRNAs could also play a crucial role in coordinating the complex network interactions, including bidirectional transitions, of primate OSVZ progenitors (Betizeau et al., 2013) .
The many layers of control over the GZ cell cycle have the appearance of redundancy. However, just as gene duplication allows two genes to diverge functionally, so too does duplication of an existing control system. A duplicated network may have relaxed essential functions and thereby offers the molecular space to acquire innovative functionalities. Within the precursor pool, divergent control systems that acquire novel functions may allow cells to acquire novel identities. An ensemble analysis of gene expression cannot distinguish single-cell networks with cell-specific expression patterns from the more complex appearance of the ensemble. This question regarding individual cell differences in gene expression and network organization represents a challenging future direction potentially addressable by single cell RNA-seq technologies .
Conclusion and Perspectives
Intriguingly there is a 1,000-fold difference in cortical neuron number between mouse and human, but only a 10-fold difference in the length of the neurogenic period. These differences constitute the ''primate advantage '' (Herculano-Houzel, 2012) and are achieved despite the cell-cycle duration being considerably longer in primates than in mouse. As we have seen, the increase in neuron number in primates relies on novel machinery that is able to provide an exponential amplification. On the other hand, counterbalancing the primate advantage for brain expansion is the rodent capacity for miniaturization. The difference in primate and rodent cellular scaling rules is reflected by the fact that brains of different sizes in primates maintain a constant cellular density in contrast to the variable density changes that allow rodents to achieve much smaller brains of the order of 0.5 g in the mouse compared to the smallest primate microcebus with a 2 g brain. Since the rodent primate split 64 mya, modern day rodents may have reduced their body size and undergone a secondary loss of gyrencephaly (Kelava et al., 2013; O'Leary et al., 2013) . These considerations of changes in brain size suggest different sorts of adaptive advantages explored by rodents and primates that follow differences in the relative timing of events in the two orders and give different advantages to each (Kennedy and Dehay, 1993) .
Remarkably, a gene network as ancient as the cell cycle continues throughout primate lineages to be a powerful locus of innovation. In addition to altering proliferation dynamics, targeting cell-cycle genes also impacts differentiation and fate specification of cortical precursors (Ohnuma and Harris, 2003; Ohnuma et al., 2001) . The emergence of innovative miRNA regulatory machinery appears to confer a selective advantage to primates by expanding cortical diversity through novel molecular circuits of cortical precursors (Arcila et al., 2014) . In this manner, adaptative change within the cell cycle leading to precursor diversity is an evolutionary driver of anatomical novelty.
The emergence of the OSVZ does not fit neatly into an evodevo schema. Such a scenario proposes that a small number of changes in a ''master gene'' exert modular control over a downstream toolbox of genes to implement novel variation on pre-existing structures. The evo-devo concept has been cited to explain the eye development toolbox with PAX6 as a master gene and limb development with distal-less as a master gene (Zuker, 1994) . In these cases, broad morphological variation stems from a genetic module under the high-level control of a transcription factor. The toolbox schema does not appear as a satisfactory explanation for the OSVZ where no ''master gene'' has been identified Facets of cell division continue to be under positive selection even when comparing human with Neanderthal genomes (Miller et al., 2014; Prü fer et al., 2014) . Among the set of 87 proteins with fixed amino acid substitutions, those with increased expression in the germinal zones are over-represented, and three of them (CASC5, KIF18A, SPAG5) are associated with the kinetochore of the mitotic spindle. The relatively short time over which these genetic changes have occurred has resulted in numerous rare variants that have not undergone purifying selection. The cost of the remarkable expansion of the primate cortex may be the frequency of conditions such as autism and schizophrenia that often arise from rare variants in neurodevelopmental pathways. However evolutionary innovations have surprising outcomes, and in the case of the OSVZ, the eventual outcome is the global success that derives from the behavioral complexity of primates including Homo sapiens.
